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ABSTRACT: The behavior of small molecules on a surface depends
critically on both molecule−substrate and intermolecular interactions. We
present here a detailed comparative investigation of 1,3,5-benzene
tricarboxylic acid (trimesic acid, TMA) on two different surfaces: highly
oriented pyrolytic graphite (HOPG) and single-layer graphene (SLG)
grown on a polycrystalline Cu foil. On the basis of high-resolution scanning
tunnelling microscopy (STM) images, we show that the epitaxy matrix for
the hexagonal TMA chicken wire phase is identical on these two surfaces,
and, using density functional theory (DFT) with a non-local van der Waals correlation contribution, we identify the most
energetically favorable adsorption geometries. Simulated STM images based on these calculations suggest that the TMA lattice
can stably adsorb on sites other than those identified to maximize binding interactions with the substrate. This is consistent with
our net energy calculations that suggest that intermolecular interactions (TMA−TMA dimer bonding) are dominant over
TMA−substrate interactions in stabilizing the system. STM images demonstrate the robustness of the TMA films on SLG, where
the molecular network extends across the variable topography of the SLG substrates and remains intact after rinsing and drying
the films. These results help to elucidate molecular behavior on SLG and suggest significant similarities between adsorption on
HOPG and SLG.
1. INTRODUCTION
The self-assembly of small molecules at surfaces is a rapid,
scalable, and relatively inexpensive approach to the formation of
two-dimensional molecular crystals with a range of interesting
properties.1−3 A detailed mechanistic understanding of
molecular self-assembly is necessary for predictive control of
the formation of crystals at surfaces,4 and it may also enable
higher-quality growth in molecular thin films and materials,
where the substrate−molecular interface layer has a critical
influence on, for example, electronic properties.5 For these
reasons, experimental studies of model systems in two-
dimensional molecular self-assembly lay an important founda-
tion. Rigorous studies of the behavior of relatively simple
molecules can be used to create the groundwork for
understanding more complex systems and to advance our
progress toward predictive power over molecular interactions at
surfaces. One such model system is 1,3,5-benzene tricarboxylic
acid, also known as trimesic acid (TMA). This C3-symmetric
molecule is a versatile hydrogen-bonding unit that forms both
cyclic dimeric hydrogen bonds (denoted R2
2(8) in graph-set
notation)6 and trimeric associations (R3
3(12)) through its
−COOH groups. The behavior of TMA has been studied on a
number of surfaces, including the (100)7 and (110)8 facets of
copper, rutile TiO2(110),
9 Au(111),10 Ag(111),11 Si(111)-
Ag(√3 × √3),12 and highly oriented pyrolitic graphite
(HOPG).13−16
At room temperature on these latter four types of surfaces,
the molecule remains intact upon adsorption. It assumes a flat-
lying geometry, and the film structure is defined by hydrogen
bonding, with the dominant type of association (dimeric or
trimeric) correlated with the coverage (UHV)10 or concen-
tration of TMA in the overlying solution droplet (solution−
solid interface).14 The purely dimeric assembly is known as the
chicken wire phase13 and comprises an array of TMA molecules
that have each formed dimer bonds with three neighbors,
defining hexagonal pores that are suitable for confining guest
molecules. The fully trimeric assembly, called the superflower
phase,13 is a network of TMA molecules that are each
trimerically associated with six nearest neighbors. Between
these two extremes exists an infinite homology of polymorphs
that comprise hexagonal pores separated by increasingly wide
perimeters of trimerically associated molecules.10,17 The R2
2(8)
pores of these polymorphs can be modified through the
adsorption of guest molecules,18−20 including TMA itself.13,16
The self-assembly of TMA has also recently been
demonstrated at the interface of octanoic acid and exfoliated
graphene supported on SiO2.
21 A rapidly accumulating body of
work is emerging to document studies of molecular self-
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assembly on graphene,22 a relatively new material poised for
implementation in a range of applications.23 Since graphene
intrinsically lacks a bangdap, the modification of its electronic
properties is of paramount importance.24 Non-covalent
functionalization, such as by molecular self-assembly, is of
particular interest because it can be accomplished via solution
processing at room temperature.25 Recent work has shown that
scanning tunnelling microscopy (STM) can be used to observe,
in situ, the formation of molecular layers on graphene surfaces
at the solution−solid interface, where the molecular layers are
stabilized by non-covalent van der Waals (vdW) interactions of
the alkyl substituents of dehydrobenzo[12]annulene (DBA)
derivatives26 and oligothiphenes27 or by covalent associations of
benzene-1,3,5-tricarbaldehyde (BTA) and p-phenylenediamine
(PDA) through Schiff base coupling.28
Here, we build on and complement these previous studies by
presenting a detailed investigation of epitaxial effects in the
formation of supramolecular TMA assemblies on HOPG and
single-layer graphene at the solution−solid interface. We show
that commercially purchased SLG epitaxially grown on copper
foil (SLG−poly Cu) is a suitable substrate for the self-assembly
of TMA at both the solution−solid interface and in dried films.
The porous chicken wire networks formed by TMA on SLG−
poly Cu are identical to those formed on highly oriented
pyrolitic graphite (HOPG). On the basis of high-resolution
STM images, we identify the epitaxy matrix that describes TMA
chicken wire on both surfaces, and, using density functional
theory (DFT) calculations, we identify the lowest-energy
adsorption geometries that correspond to these structures
and compare calculated STM images to real data to determine
the most probable geometry observed in experiments. On the
SLG−poly Cu surface, TMA networks extend continuously
across the varied topography. DFT calculations suggest that the
hydrogen bonds stabilizing the assembly incur a minimal
energy penalty for bending to follow the surface relief.
2. METHODS
2.1. Experimental Section. HOPG substrates were purchased
commercially (Structure Probe International, grade SPI-2) and were
cleaved with adhesive tape prior to each experiment. SLG on copper
foil was purchased commercially (University Wafer Inc.) and used as
received. TMA (95%, Sigma-Aldrich) and heptanoic acid (99%, Sigma-
Aldrich) were used as received without further purification. TMA was
dissolved by stirring in heptanoic acid at room temperature until it was
past the point of saturation, and the supernatant was applied dropwise
to the substrates. Heptanoic acid was chosen as the solvent due to its
well-established and well-studied use in this context.14,17−19
STM was performed at room temperature under ambient
conditions, using a Digital Instruments STM equipped with a
Nanoscope IIIa controller. Tips were cut from Pt0.8Ir0.2 wire
(Nanoscience Instruments). Bias voltages are reported with respect
to the STM tip. STM images were processed using the free WSxM
software.29 Images containing atomic resolution of the HOPG and
graphene substrates were corrected to reflect their known lattice
constants to eliminate instrumental artifacts.
Descriptions of other experimental techniques employed (including
X-ray diffraction, ultraviolet photoelectron spectroscopy, and X-ray
photoelectron spectroscopy) are presented alongside the relevant data
in the Supporting Information.
2.2. Calculations. DFT calculations were performed using the
open-source code QUANTUM ESPRESSO,30 using ultrasoft
pseudopotentials with a 680 eV cutoff for the plane-wave basis. The
generalized gradient approximation in the Perdew−Burke−Ernzerhof
paramaterization (GGA-PBE) was used for the exchange-correlation
functional.31 The exchange correlation was augmented by adding an ab
initio nonlocal van der Waals correlation contribution (vdW-DF).32−34
This improvement addresses the poor description of the long-range
dispersive forces in the standard GGA, which fails to reproduce
interlayer bonding between bulk graphite layers.35 Benchmarking tests
(see Supporting Information) show that use of the vdW-DF not only
reproduces the weak interlayer bonding in graphite but also predicts an
equilibrium unit cell volume close to the experimental value.
Geometrical optimizations of TMA overlayer geometries were
performed on a two-layer graphite substrate (one-layer in the case
of graphene) with a 12 Å vacuum gap between the slabs while holding
the substrate atoms fixed at their bulk positions. A 4 × 4 × 1 k-point
grid was used to pave the Brillouin zone during optimizations and total
energy calculations. Binding energies per unit cell (EB) were computed
as EB = Etot − Esubstrate − 2ETMA, where Etot is the total energy
computed for the given structure, Esubstrate is the energy of an identical
cell with only the substrate atoms included, and ETMA is the total
energy computed for a single TMA molecule. STM images were
computed in constant height mode under the Tersoff−Hamann
formalism36 using a 2 × 2 × 1 k-point mesh, with a third atomic plane
added to the bottom of the optimized HOPG slab geometry. Starting
geometries and results were prepared and visualized with the VESTA37
and XcrySDen38 software packages.
Additional gas-phase molecular DFT calculations were performed
using the B3LYP hybrid functional and either the 6-31G or 6-
31G(d,p) basis sets using Gaussian09.39 High symmetry was imposed
on the isolated TMA molecule (C3h) and its flat-lying dimer (C2h). The
geometries for the bent dimers were defined by inclining one TMA
molecule in the optimized dimer with respect to the other by a
predefined angle. The subsequent geometrical optimization was
performed with all dihedral angles in the bent dimers frozen but
without additional symmetry constraints.
3. RESULTS AND DISCUSSION
3.1. HOPG and SLG. HOPG has a hexagonal structure
comprising ABAB stacked sheets of sp2-bonded carbon, as
shown in Figure 1. The sheets are separated by a large c-axis
spacing (≈3.35 Å between sheets), with relatively weak vdW
interactions binding the sheets to one another. The two carbon
atoms in the surface plane basis can be differentiated according
to whether there is an atom or hole located directly beneath,
with the former being denoted α atoms and the latter, β atoms.
Atomic-resolution STM images of HOPG reveal different
atomic features depending on the tunnelling conditions, with
both tip sharpness40 and tip-sample distance41 being cited as
important factors, in addition to an augmentation of the effect
at low bias voltages.40,42 In general, atomic-resolution images of
HOPG show a concentration of contrast on one of the two
Figure 1. Structure of HOPG (left), as compared to graphene (right).
In each sp2-bonded sheet of the HOPG cell, individual atoms are
either located directly above an atom (light gray, α atoms) or above a
hole (dark gray, β atoms) of the sheet below. In graphene, this
distinction is lost.
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atoms in the basis. Both first-principles considerations of the
localization of Bloch functions40,42 and DFT41 suggest that
these are the β atoms. This electronic effect is not observed in
atomic-resolution atomic force microscopy (AFM), which
images both atoms in the basis as nearly equivalent.43 Figure
2a shows an atomic resolution image of HOPG with a
superimposed structural model. The contrast in this image
suppresses one of the atoms in the basis, and creates a trigonal
tiling of the dominant atomic features.
SLG comprises a single sheet from the graphite structure.
This reduction from three dimensions to two lifts the
symmetry-breaking imposed by the ABAB stacking of
successive layers, leaving the two atoms in the basis
indistinguishable under a 180° rotation. Typically, STM images
will reveal both of the atoms in the basis with equal contrast,
resulting in a hexagonal tiling of atomic features.44
STM imaging of SLG on Cu foil in the present experiments
revealed a surface comprising both flat regions (terraces), on
the order of 10−100 nm in size, and highly stepped regions
(see Supporting Information). In atomic-resolution images
acquired during molecular imaging experiments, the graphene
lattice appears to be hexagonal, with nearly equal contrast
arising from both atoms in the atomic basis (Figure 2b). No
superstructural modulation of atomic contrast (i.e., moire ́
pattern) was observed in the regions where the molecular
overlayers were scanned.
Hexagonal moire ́ patterns can occur on SLG on Cu(111)
due to a periodic modulation of the interaction of the graphene
with the underlying atomic lattice; these moire ́ patterns take on
various periodicities due to the relatively weak interaction of
graphene with copper substrates.45 Cold worked Cu foil is
known to be predominantly {100} textured,46 consistent with
X-ray diffraction measurements made on the SLG substrates
used in this study (see Supporting Information). Copper with a
100 orientation can produce a distinctive linear moire ́ pattern
in overlying graphene.47,48 In characterization experiments of
the SLG−poly Cu substrates, we identified a linear moire ́
pattern similar to that previously observed on single-crystal
Cu(100). We also find a second coexisting moire ́ pattern
oriented nearly perpendicular to the first. We attribute these
two patterns to the presence of both clean and oxygen-
reconstructed Cu(100) with the (2√2 × √2)-R45°
structure.49 X-ray photoemission spectroscopy (XPS) charac-
terization of the as-received SLG−poly Cu samples shows a
spectral weight on the low binding energy side of Cu(0),
consistent with the presence of oxygen (see Supporting
Information). We emphasize that molecular adsorption experi-
ments were not performed in regions where this moire ́ pattern
was present but only in regions without superstructural
modulation of the graphene lattice, which perhaps indicates a
lower interaction between graphene and copper. Investigations
of the electronic structure of graphene on (intercalated) copper
surfaces have suggested that the electronic structure of
graphene on copper strongly resembles that of freestanding
graphene.45 For these reasons, calculations of molecular
adsorption on freestanding graphene may be a reasonable
proxy for detailed calculations of molecular adsorption on
graphene−poly Cu.
3.2. TMA Assembly on HOPG. As documented in
previous work, well-defined supramolecular patterns14,18,19
emerged immediately following the deposition of a droplet of
TMA/heptanoic acid onto HOPG. The R2
2(8) chicken wire
structure forms a characteristic porous hexagonal mesh that is
immediately identifiable in STM images; this was the dominant
polymorph found on the surface, although regions of flower
structure, the first in the homology of R2
2(8)−R33(12) hybrid
polymorphs, were also observed. These results are consistent
with previous work that has shown that saturated TMA
solutions in heptanoic acid (≈0.8 mmol L−1)19 are associated
with the formation of both chicken wire and flower
polymorphs.14
High-resolution STM images that show both the substrate
and the molecular overlayer structure are invaluable tools for
understanding molecular systems. By changing the tunnelling
parameters partway through an image, a single frame can
contain both atomic resolution of the substrate and molecular
(or submolecular) resolution of the overlayer structure. An
image of this type is shown in Figure 3a, where the TMA
chicken wire structure is shown in the top of the frame and the
HOPG lattice is shown in the bottom. This type of image
allows for the exact calibration of the molecular unit cell based
on the known size of the substrate lattice. For TMA on HOPG,
we measured the molecular lattice constant for the hexagonal
unit cell as a = b = 1.64 ± 0.05 nm. This measurement reflects
the average real-space measurements taken from five images,
where the uncertainty is based on a measurement standard
Figure 2. Atomic-resolution STM images of HOPG (a) and SLG (b), with superimposed models indicating the source of the atomic contrast for
each material. STM parameters: (a) Vb = −19 mV, It = 1000 pA, image width = 2.4 nm; (b) Vb = −64 mV, It = 1000 pA, image width = 2.4 nm. Both
of these images have been Fourier filtered to enhance the atomic contrast.
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deviation of ±0.02 nm and an estimated systematic uncertainty
of ±0.05 nm, due to the finite pixel size of each STM image.
The lattice constant for the TMA chicken wire structure,
calculated using gas-phase DFT, was found to be a = b = 1.67
nm under vdW-DF and a = b = 1.66 nm under B3LYP/6-
31G(d,p) (Table 1).
These high-resolution images also allow for precise
determination of the epitaxy matrix that defines the overlayer
structure. This value can be read directly from the
autocorrelation of the image, which is shown in Figure 3b.
On the basis of the overlay of the dominant periodicities
associated with the HOPG lattice (small periodicity lattice) and
the TMA lattice (large periodicity lattice), we can assign the
following epitaxy matrix:
−⎛
⎝⎜
⎞
⎠⎟
6 1
1 7
This matrix defines the length of the unit cell vectors as a = b
= √43 times the HOPG lattice constant. Taking a value of
0.24612 nm for the in-plane lattice constant of HOPG, the
corresponding calculated TMA unit cell has a lattice parameter
of 1.6139 nm. We quote this value without uncertainty, as it can
be unambiguously determined as a function of the substrate
lattice spacing. Hence, this value, which is inside of the
uncertainty interval for the structure as measured from
corrected images, is the most reliable experimental determi-
nation of the unit cell that can be made. The discrepancy
between this value, derived from analysis of the autocorrelation,
and the calculated gas-phase DFT values suggests that epitaxial
effects play an important role in the observed geometry of this
system.
Although the autocorrelation analysis allows us to directly
identify the epitaxy matrix for the system, it does not permit
identification of the adsorption sites for the TMA molecules.
Considering the two molecules in the TMA basis and the two
atoms in the HOPG basis, the epitaxy matrix suggests three
possible high-symmetry sets of adsorption sites, which we show
in Figure 4 and define as follows: α−β (one TMA molecule is
adsorbed with its aromatic ring centered over a substrate α
Figure 3. STM images showing the TMA chicken wire structure (top)
in the same frame as the substrate (bottom): (a) TMA/HOPG and
(c) TMA/SLG. The autocorrelations of these images are shown in (b)
and (d), respectively. STM parameters: (a) Vb = −850 mV (top), Vb =
−19 mV (bottom), It = 200 pA, image width = 5.9 nm; (c) Vb = −800
mV (top), Vb = −19 mV (bottom), It = 200 pA, image width = 5.9 nm.
Table 1. Calculated and Experimentally Derived Values for
the Lattice Parameter of the Hexagonal TMA Chicken Wire
Structure in the Gas Phase and on HOPGa
method substrate lattice parameter (nm)
vdW-DF none (gas-phase) 1.67
GGA none (gas-phase) 1.65
B3LYP/6-31G(d,p) none (gas-phase) 1.66
epitaxy matrix HOPG 1.61
aThe two plane-wave calculations differ in whether the vdW-DF was
used. For the hexagonal TMA structure, the lattice parameter
represents the identical length of the two lattice vectors, a and b,
which are separated by γ = 120°.
Figure 4. Top and side views of the calculated geometries for TMA
overlayer structures on HOPG: (a) α−β adsorption geometry, (b) α−
H adsorption geometry, and (c) β−H adsorption geometry, where H
denotes a hole site.
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atom and the other TMA has its aromatic ring centered over a
β atom, shown in Figure 4a), α−H (one TMA centered over a
substrate α atom and the other centered over a substrate hole,
shown in Figure 4b), and β−H (one TMA centered over a
substrate β atom and the other centered over a substrate hole,
shown in Figure 4c).
All three of the relaxed DFT geometries in Figure 4 reveal
largely planar TMA adsorption geometries but with slight out-
of-plane twisting of the carboxylic groups manifested in all of
the configurations. The energetics are rather homogeneous: the
calculated binding energies (per unit cell) for the three
structures are −44.2 kcal/mol (α−β), −43.6 kcal/mol (α−
H), and −43.5 kcal/mol (β−H). These values are within 0.7
kcal/mol of one another (i.e. ≈kT at room temperature), and
the difference in energy between α−H and β−H is negligible.
The lowest energy corresponds to the α−β geometry shown in
Figure 4a. These values, together with the implications for the
contrast of the TMA molecules in images, will be further
discussed below.
3.3. TMA Assembly on SLG. As on HOPG, the application
of a drop of TMA in heptanoic acid to the SLG surface
immediately produced characteristic TMA chicken wire lattices.
Figure 3b shows a high-resolution frame including both the
TMA structure and the underlying atomic lattice. According to
the autocorrelation of this image, shown in Figure 3d, the
epitaxy matrix for TMA/SLG−poly Cu is identical to the one
for HOPG.
Although the details of TMA adsorption on SLG−poly Cu
are consistent with adsorption on HOPG, the roughness of the
poly Cu substrate creates some unique effects in the TMA
films. Figure 5a,b shows examples of the porous hexagonal
chicken wire lattice of TMA extending across subsurface
topography in the SLG−poly Cu substrate. The lattice is
continuous across the faceted region denoted by the line profile
in Figure 5c, which corresponds to lattice continuity through an
effective angle of ≈12° below the horizontal.
The close conformation of the TMA molecular network to
the varying topography of the SLG suggests that the TMA
molecules, the hydrogen bonds linking the molecules, or
perhaps both, are pliable. A previous computational study
suggests that benzene can undergo small (<15°) torsional
deformations with only a minimal energy penalty.50 Our DFT
investigation of the bond energy for TMA carboxylic dimers,
shown in Figure 5d, suggests a similar flexibility: inclining one
TMA molecule by up to 15° with respect to the other molecule
in the dimer pair incurs an energy penalty of less than 0.5 kcal/
mol per carboxylic group. Taken together, these results indicate
that TMA networks, which are normally assumed to be planar,
may be able to exhibit significant flexibility with only minor
energetic concession.
As in the case of adsorption on HOPG, we expect that
adsorption on SLG represents a significant stabilizing influence
on the TMA network. Our calculations indicate that the
binding energies for the geometries identified in Figure 4
(shown for the HOPG substrate; a similar figure showing the
nearly-identical geometries for SLG is included in the
Supporting Information) are −41.6 kcal/mol (α−β), −41.0
kcal/mol (α−H), and −41.1 kcal/mol (β−H). The calculated
binding energies for TMA on both HOPG and SLG are
summarized in Table 2. The calculated values for adsorption on
unsupported SLG are slightly smaller than those found by
previous DFT calculations performed using the local density
approximation (LDA), which found an adsorption energy of
−30.0 kcal/mol per molecule of TMA in the chicken wire
structure, Shayeganfar and Rochefort,51 compared to our
calculated energy of −20.8 kcal/mol per molecule. The
adsorption geometries considered in the present case
correspond to those experimentally observed, including the
correct reproduction of the azimuthal orientation of the TMA
unit cell with respect to the HOPG/graphene substrates and
hence are different from those used in the LDA calculations.
However, the ≈10 kcal/mol per molecule difference in
calculated adsorption energies is not likely to be attributable
to the different adsorption geometries but, rather, arises from
the different functionals employed for the calculations.
Table 2 summarizes the calculated adsorption energies for
TMA chicken wire on both HOPG and SLG. For all
investigated geometries, the adsorption energy on HOPG
exceeds that on SLG by ≈1.3 kcal/mol per molecule. The
interlayer vdW interactions identified for the HOPG substrate
Figure 5. Topography of the Cu underlying the SLG has implications
for the TMA lattice. (a) TMA lattice traversing a step in the Cu
substrate. (b) Self-assembled TMA lattice in a highly non-planar
region of the Cu substrate. (c) Line profile along the denoted path
between the white circles show in the image in panel (b). (e)
Calculated energy penalty (B3LYP/6-31G) for inclining one member
of a TMA dimer with respect to the other as a function of tilt angle θ.
Energies are presented as the destabilization energy per −COOH
group relative to the planar dimer. The inset shows a section view of
the calculated geometry for a dimer with a 20° inclination. STM
parameters: (a) Vb = −800 mV, It = 80 pA, image width = 18.8 nm;
(b) Vb = −513 mV, It = 253 pA, image width = 16.5 nm.
Table 2. Summary of Binding Energies (kcal/mol) Per Unit
Cell for the Chickenwire Geometries of TMA on HOPG and
Graphene
α−β α−H β−H
HOPG −44.2 −43.6 −43.5
graphene −41.6 −41.0 −41.1
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(see Supporting Information) describe an attractive interaction
between the HOPG layers. These same interactions likely
induce the slightly larger attraction of the overlying TMA
molecules as compared to that of SLG alone.
The self-assembly observed on SLG in the present
experiments differs from other published work describing
TMA self-assembly at the solution−SLG interface, where TMA
was found to form the close-packed R3
3(12)-stabilized super-
flower phase.21 Previous work has demonstrated that at the
saturated solution−HOPG interface two different porous TMA
polymorphs form, depending on the solvent used, with the
denser flower structure being favored for the short-chain
alkanoic acids in which TMA is highly soluble and the chicken
wire structure asserting from solvents in longer-chain solvents
in which TMA is less soluble,14 in accord with later work that
also correlated the molecular density on the surface with its
concentration in solution.16 However, the concentration
correlated with the observation of the superflower phase on
SLG (micromolar)21 is two-three orders of magnitude lower
than the concentrations indicated for the formation of the
chicken wire and flower structures on HOPG (≈millimo-
lar),14,16 making the formation of the dense superflower phase
quite surprising. In that work, the authors hypothesized that the
adsorption energetics of the TMA are the critical factor in
contributing to the stabilization of the polymorph. This
suggests that the SLG used in their study, which was exfoliated
and deposited on SiO2, may present a different adsorption
landscape than the SLG grown on Cu foil used in the present
work, which was found to foster the formation of the same
polymorph that was formed on HOPG.
We further investigated the stability of the TMA network by
rinsing and drying the samples. Similar to a procedure
described previously,26 we dipped the TMA/heptanoic acid
coated substrate into water and subsequently air-dried the
sample. This procedure was designed to remove the excess
solution and leave behind only a monolayer molecular
structure. Following air drying, we were able to image TMA
molecular networks on the SLG surface (see Supporting
Information). We also performed ultraviolet photoelectron
spectroscopy (UPS) on this dried sample (see Supporting
Information). Although previously published calculations
predict that the adsorbed TMA should cause bandgap
opening,51 which should manifest through a shift in the valence
band edge with respect to the Fermi level, we found no such
shift in our measured spectra.
3.4. Appearance of TMA Chicken Wire Lattices in STM
Images. All of the candidate geometries for TMA adsorption
on both HOPG and SLG have the two TMA molecules in the
basis adsorbed on inequivalent substrate sites. This inequiva-
lence should manifest in different local densities of states
(LDOS) for the two molecules and potentially in different
contrast in STM images. Indeed, different contrast between the
two molecules in the TMA basis is routinely observed in STM
images of TMA on HOPG, as shown in Figure 6. Simulated
STM images, based on our DFT calculations, show a striking
similarity to the submolecular contrast observed on HOPG.
However, this contrast is reproduced only in images based on
α−H and β−H adsorption geometries rather than the energy-
minimizing α−β configuration. Similarly, for TMA adsorbed on
SLG, STM images sometimes reveal a contrast asymmetry
between the two molecules in the TMA basis, as shown in
Figure 6. This contrast asymmetry is consistent with simulated
STM for either α−H or β−H adsorption but not for α−β
adsorption, where the contrast in neighboring molecules is
predicted to be equivalent.
The observed lattice might result from the stable formation
of an extended lattice in the local energy minimum
corresponding to α−H/β−H geometries, which presumably
could be converted to the lower-energy α−β lattice through
molecule-by-molecule disassembly or through a concerted
motion of the entire lattice, the former of which would require
a great deal of time, and the latter of which would require a
great deal of energy. Recent DFT work51 suggests that the
preferred adsorption site of a single TMA molecule on
graphene is over a hole site. If this is the case, then the
extended chicken wire networks observed at room temperature
are likely to be nucleated from single molecules adsorbed on
hole sites, and the lattice is thus kinetically locked in either the
α−H or β−H configuration.
In relative terms, the intermolecular interactions between
TMA molecules (comprising three R2
2(8) bonds per molecule)
exceeds the calculated substrate binding energy on both HOPG
and SLG: in our calculations, the −COOH bond energy is
−7.90 kcal/mol per −COOH (Table 3). This value is lower
than both our previously calculated value of −10.01 kcal/mol
per −COOH (B3LYP/6-31G(d,p))52 and a published value
that made use of the LDA (−10.26 kcal/mol per −COOH).51
However, this discrepancy seems to be largely due to the use of
Figure 6. A series of simulated STM images at a bias voltage of −2.0 V
for the α−β, α−H, and β−H geometries on HOPG and graphene. A
representative experimental STM image appears at the bottom for the
TMA chicken wire overlayers observed on the two substrates. All
images have a width of 2.1 nm. STM parameters: (HOPG) Vb =
−1100 mV, It = 20 pA; (graphene) Vb= −800 mV, It = 80 pA.
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vdW-DF in our calculations; PBE-GGA without vdW-DF gives
a R2
2(8) bond energy of −9.60 kcal/mol per −COOH.
Nevertheless, the ability of our calculations to reproduce the
unit cell of the graphite substrate leaves us confident that we
have captured the relevant vdW energetics of the binding
energy, which appears to be less important than the
intermolecular interactions in stabilizing the TMA chicken
wire structure regardless of which value we take for the R2
2(8)
bond energy. The relatively small variations in binding energy
for the different adsorption sites represent only a small
proportion of the overall stabilizing energy of the TMA
chicken wire structure supported on HOPG or SLG, with the
possible consequence of long-lived non-equilibirum structures
at local energy minima that are only slightly less stable than the
equilibrium structure.
4. CONCLUSIONS
By systematically analyzing high-resolution STM images, we
have found that the chicken wire network of TMA adheres to
the same epitaxy matrix on both HOPG and SLG. The
experimentally identified TMA structure is compressed with
respect to gas-phase calculations of TMA based on its R2
2(8)
dimeric −COOH bonds, suggesting that epitaxial effects play
an important role in the observed structure. DFT calculations
reveal only small differences in binding energy among the three
adsorption geometries possible on each substrate. For both
substrates, Tersoff−Hamann simulated STM images are
consistent with adsorption on sites that are not the lowest-
energy sites identified in DFT. This is likely to be a
consequence of the very similar energetics for adsorption on
the different bonding sites along with the fact that the
calculated per-molecule binding energies are exceeded by the
per-molecule intermolecular interactions, meaning that the
stabilization of the system is primarily determined through
TMA−TMA bonding. The result may also be explained by
kinetic locking, due to the fact that the most stable site for a
single molecule is not compatible with the calculated lowest-
energy configuration of the periodic structure. On SLG−poly
Cu, the underlying topography of the Cu foil is evident in
images, and the TMA lattice is observed to pass unperturbed
over subsurface steps and facets. Gas-phase DFT shows that the
R2
2(8) dimeric −COOH bonds incur only minor energy
penalties for small bending distortions that might enable this
adherence to the varying topography. This type of work is an
important step toward creating a systematic understanding of
the relationship between molecular behavior on HOPG and on
graphene, where molecular self-assembly is playing an emerging
role.
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S.1 Optimized adsorption geometries on graphene
The geometries on graphene corresponding to α-β, α-H and β-H are shown in FigureS.S.1.
The optimized geometries for the molecules are virtually indistinguishable for the corre-
sponding calculations on the two-layer graphite slab.
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Figure S.1: Top and side views of the calculated geometries for TMA overlayer structures
on SLG. (a) shows the α-β adsorption geometry, (b) the α-H adsorption geometry, and (c)
the β-H, where H denotes a hole site.
S.2 Performance of vdW-DF
The accuracy of the vdW-DF correction to the exchange-correlation functional was evaluated
by computing the total energy of a single-crystal of graphite as a function of unit cell volume
(ie. lattice constant), as compared with the same calculation using the standard PBE-GGA.
The total energy calculations are shown in Figure S.2. The HCP unit cell volume was varied
by incrementally changing the in-plane lattice constant a, while keeping the ratio of the
out-of-plane lattice constant c fixed as c/a = 2.7264, the experimentally known value. The
positions of the atoms were allowed to relax for each of the cells. When using vdW-DF a
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Figure S.2: Total energy calculations using as a function of unit cell volume for a single
graphite unit cell, using both the standard PBE-GGA exchange-correlation functional, and
the vdW-DF correction.The experimental value (35.20 A˚) is indicated with a vertical line.
clear minimum is found at a volume of 37.66 A˚3, which corresponds to a lattice constant of
a=2.517 A˚, which is a 2% overestimation as compared to the experimental value of a=2.461 A˚.
However, the vdW-DF correction clearly reproduces the inter-sheet binding of the HOPG
layers, as compared to the uncorrected PBE-GGA, which does not predict any significant
binding as a function of volume. This clearly illustrates the suitability of the correction in
the context of these experiments, where the molecule-surface interaction is dominated by
these effects.
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S.3 STM images of SLG on poly Cu
STM images of the clean SLG substrate were obtained using the same instrument (Digital
Instruments Nanoscope IIIa) and tips (mechanically formed Pt/Ir) as described in the main
text. The SLG substrate was imaged several days after its original vacuum-sealed plastic
package was opened. STM images like the one shown in Figure S.3 were typical of the long-
range images obtained on the samples. The right angle steps are typical of Cu(100), where
step edges align along {011}.
Figure S.3: Large-scale image of the SLG/poly Cu substrate. STM parameters: Vb=
-80 mV, It= 300 pA, image width = 190 nm.
High resolution imaging of these surfaces (Figure S.S.4a) reveals two distinct types of
surface patterns, reminiscent of the moire´ interference patterns typical of those previously
observed on graphene layers grown over Cu(100) in ultrahigh vacuum.1 In this work the au-
thors demonstrated that graphene may take a number of different orientations over the bare
Cu(100) surface, giving rise to interference patterns which may be used to extract the relative
orientation of the overlayer with respect to the substrate. In the present case, the patterns
appear largely orthogonal, with periodicities as shown in the line profiles of Figure S.S.4b,
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Figure S.4: a. Atomic resolution image of the SLG/poly Cu substrate. STM parameters:
Vb= -72 mV, It= 600 pA, image width = 16.3 nm. b. Sub-graphene surface composition map
corresponding to the image in a., as estimated by areal analysis. c. Profiles corresponding
to green and blue lines in STM data in a. d. Cartoon analysis of the surface. A square
slab containing a region of O-(2
√
2×√2)-R45◦ (top left) and bare Cu(100) (bottom right)
is overlaid with a single sheet of graphene, in order to analyze the resultant interference
pattern.
suggesting these comprise substrate-derived island under the graphene layer. In particular,
the morphology may herald growth of Cu2O in the (2
√
2 ×√2)R45◦ reconstruction, which
in known to grow in this fashion on pristine copper.2 The model in figure S.4d is built with
the hypothesis that the surface comprises regions of the O-(2
√
2 ×√2)R45◦ reconstruction
together with regions of bare Cu(100) underlying a continuous graphene layer. By aligning
the graphene (112¯0) axis (ie. the so-called ’zig-zag’ direction) along the Cu(11¯0) azimuth
we produce a moire´ pattern that can seen by eye in the cartoon. We find that the long stria
5
are well reproduced over Cu2O zones (top left of the square patch), whereas the interference
of the same graphene sheet with the regions of bare copper (bottom right) produces an or-
thogonally oriented pattern with good agreement with the experimental image. Thus, we
may construct an approximate chemical map corresponding to the STM data; this is shown
as drawn by hand in Figure S.4b. This analysis permits us to estimate that roughly 66% of
the surface shown in the image contains oxide.
S.4 X-ray diffraction measurements of SLG on poly Cu
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Figure S.5: A θ-2θ XRD spectrum of a bare SLG/poly Cu foil sample. The expected 2θ
positions and relative intensities for a bulk copper sample are indicated.
X-ray diffraction (XRD) was used to provide a structural characterization of the SLG/poly
Cu substrates prior to molecular overlayer deposition. A representative θ-2θ scan is shown
in Figure S.5.
The XRD spectrum is dominated by just a single peak at 2θ=50.426◦, which corresponds
6
to the expected Cu(200) reflection. This suggests that the foil has a strong texturing, a
phenomenon that is known to occur in cold rolled and annealed copper foils.3 No other Cu-
related reflections are observed. The two satellites on the low-2θ side of the Cu(200) peak
are related to the same reflection, excited by Cu Kβ and W Lα lines which are also present
in the unmonochromatized x-ray source.
We also observe a peak of 2θ=36.51◦, which corresponds to a spacing of 2.466 A˚, very close
to the expected lattice spacing of 2.461 A˚ expected for graphene. It is somewhat surprising
to have observed this peak in the out-of-plane geometry of the experiment. We attribute
its presence to the macroscopic roughness of the of the sample, which gives rise to regions
where the graphene is more favourably oriented with respect to the scattering plane.
S.5 Photoelectron spectroscopy of SLG on poly Cu
Figure S.S.6 shows three x-ray photoelectron spectra collected at the Cu 2p core level. The x-
ray source was a monochromated Al Kα beam at hν=1486.6 eV, on a Thermo-VG ESCALab
220i-XL instrument. The binding energies are reference to the Fermi level. The oxidized
sample contains significant contributions from both Cu2O and CuO, as evidenced by the
satellite peaks approximately 2.5 eV above the main 2p lines.
The graphene-coated Cu sample shows a complete absence of any CuO-related compo-
nent, and the 2p3/2 resonance is somewhat broader and shifted to lower binding energy on
the graphene sample than on the pristine copper. We attribute this to some residual Cu2O
species trapped between the graphene overlayer and the substrate. The sample shows a
remarkable immunity to aging; foils left on the bench in the laboratory for a matter of weeks
do not exhibit any apparent change in the Cu 2p core level, suggesting a reasonably good
barrier against oxidation, though longer term studies have suggested an opposite effect.4
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Figure S.6: X-ray photoelectron spectra at the Cu 2p core level for clean (blue) and oxidized
(red) copper samples, as well as a graphene-coated Cu foil (black).
S.6 STM of dried TMA on SLG on poly Cu
A dried film of TMA on SLG/poly Cu was prepared by wetting the surface of the sample with
a solution of TMA in heptanoic acid, and subsequently dipping the sample (held vertically)
briefly into a clean water bath. The sample was then allowed to dry in air.
Figure S.7 shows an STM image where well-defined step-like features in the substrate
are evident in the topography of the image. The TMA lattice extends uninterrupted across
the step-like features in a continuous domain. The measured periodicity of the TMA lattice
leads us to interpret the polymorph in Figure S.7 as flower structure. Unlike dried films of
8
DBA derivatives on SLG,5 we did not note any destabilization of the TMA films following
scanning.
Figure S.7: Dried TMA film imaged at the air/HOPG interface. STM parameters: Vb=
-956 mV, It= 192 pA, image width = 50 nm.
S.7 Ultraviolet photoelectron spectroscopy of dried TMA
on SLG on poly Cu
Ultraviolet photoelectron spectroscopy (UPS) was performed using the instrument described
in Section S.5, which was equipped with a He I discharge lamp with an excitation energy of
hν = 21.2 eV. The detailed valence band structure is presented in Figure S.8. A straight-
line fit to the valence band edge yields identical values of 3.53±0.05 eV, and thus we do
not observe any shifting of the occupied levels, contrary to previous predictions for TMA
adsorbed on graphene,6 though we are unable to resolve how, if at all, the presence of the
copper substrate influences this property.
A very low-intensity peak is observed on the graphene sample at approximately 2.5 eV
below the Fermi level. We hypothesize that this is a weak remnant of Cu 3d states from the
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Figure S.8: Ultraviolet photoelectron spectra of the valence band for graphene/Cu (black)
and TMA/graphene/Cu (blue) sample At the right is a zoomed inset corresponding to the
region near the Fermi level (dashed outline in the left spectrum), with line-fits to the valence
band edge.
copper foil underlying the graphene overlayer.
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